Deep-sea benthic foraminiferal faunas reflect the deep oceanic environment, the character of which is determined by interaction of deepwater circulation patterns, physicochemical parameters of the surface waters in the deepwater source areas, and nutrient influx from primary productivity in overlying surface waters. Three periods of turnover in deep-sea benthic foraminiferal assemblages can be recognized in Cenozoic sequences: (1) rapid (<10 4 yr), global extinction in the latest Paleocene, followed by migration and diversification; (2) gradual turnover in the late middle Eocene through early Oligocene, characterized by a decrease in diversity, a decrease in relative abundance of Nuttallides truempyi followed by its extinction, and a decreasing relative abundance or disappearance of Bulimina species in the lower bathyal to upper abyssal zones; and (3) gradual turnover in the late early through middle Miocene, characterized by the decrease in relative abundance or disappearance of uniserial species from the lower bathyal to abyssal reaches, the migration of miliolid species into these regions, and the evolution of Cibicidoides wuellerstorfi. The rapid mass extinction (35-50% of species) of deep-sea benthic foraminifera in the latest Paleocene was coeval with a transient 1-2%o decrease in oxygen and carbon isotope ratios in benthic as well as planktonic foraminifera, superimposed on longer-term changes. The extinction could have resulted from a shift in dominant deepwater formation from high to low latitudes. Such a shift would change temperature and oxygen content of the intermediate to deep waters, but it would also change local nutrient input by changing global patterns of upwelling of nutrient-rich waters to the surface and thus of high-productivity areas. Faunal evidence suggests that this "reversed" pattern of oceanic circulation persisted no longer than the early Eocene, and possibly not more than about half a million years. The two periods of gradual benthic faunal changes overlap in time with two relatively rapid (of the order of 105 years) shifts toward heavier oxygen isotopic values of benthic foraminifera, in the earliest Oligocene and middle Miocene. Faunal changes started before the isotopic changes and were more gradual. The faunal changes might reflect periods of gradual change in the physicochemical character of surface waters in the source areas of deepwater formation (e.g., decrease in temperature), as well as changes in oceanic productivity. The more rapid changes in oxygen isotopic values are not directly reflected in benthic foraminiferal assemblage changes and might represent, at least in part, a rapid buildup of ice volume on land, a process that cannot be reflected in the benthic foraminifera faunas. 
INTRODUCTION
The deep oceanic environment has been more stable through geologic time than the surface environments of the Earth, with less short-term variability, although spatial "patchyness" occurs [Thiel et al., 1988 It is not clear whether equatorial surface waters were cooler than at present during some globally warm periods [e.g., Shackleton, 1984 Shackleton, , 1986 Deep waters formed at high latitudes during the periods in which the Antarctic was essentially ice free would have had a lower oxygen content than the present deep waters, because of the higher temperatures of the surface waters in the source areas, and thus lower oxygen content at the time of formation. The oxygen content would have been even lower in waters formed by evaporation at low latitudes, because of the nonlinear, reverse relation between solubility of oxygen and temperature. The ratio of the solubility of 02 at 0øC to that at 24øC is 1.6 (solubilities taken per atmosphere pressure of the gas) [Broecker and Peng, 1982] . In recent oceans, most surface waters are supersaturated in oxygen by a few percent; the oxygen solubilities range from about 190/xmol/kg at 30øC, 225 mmol/kg at 20øC, 275/xmol/kg at 10øC, to 350/xmol/kg at 0øC. In the northern Pacific the oxygen content of the deep waters is the lowest, because these waters have been out of contact with the oxygen supply in the atmosphere for more than 1000 years. In this region the apparent oxygen utilization (AOU, the difference between saturated oxygen content and observed oxygen content) is about 190 brmol/kg [Broecker and Peng, 1982] . This value represents the amount of oxygen used during the travel of the deep waters from their source area, as a result of decay of organic material and respiration by the bottom-dwelling fauna. If the waters in the source area had been at a temperature of 30øC (and would have been dense enough to sink to the deep oceans at that temperature), they could not have taken up more than 190 /xmol/kg. The oxygen in these waters would have been exhausted by the time that they had been out of contact with the atmosphere for about 1000 years (unless the oxygen content of the atmosphere was considerably higher at the time). Thus the warmer deep waters of the past possibly contained less dissolved oxygen than the present deep waters. A more sluggish deepwater ventilation would decrease the dissolved oxygen content even more [e.g., Thierstein, 1989 ]. Chemical and circulation modeling of the oceans suggests that dominance of warm saline deep waters in the oceans might likely drive the oceans to anoxia, which did not occur during the last 90 million years [Herbert and Sarmiento, 1991]. Benthic foraminiferal faunas have been interpreted as indicating good deep-ocean ventilation in Late Cretaceous through Paleocene and middle Eocene and later [Thomas, 1990a; Kaiho, 1991] .
The ratio of the solubility of CO2 at 0øC to that at 24øC is 2.2 (solubilities taken per atmosphere pressure of the gas [Broecker and Peng, 1982] ). The amount of CO2 that can be dissolved in the colder waters of the present oceans is thus much larger than the amount that could dissolve in the warmer oceans of the past. At lower temperatures the solubility of calcite is much higher than at high temperatures, so that the cold, present-day deep waters are potentially more corrosive to CaCO 3. More vigorous deepwater ventilation, however, could counteract this effect, because of the presence of overall "younger" deep waters (out of contact with the atmosphere for a shorter period) in an ocean with a faster turnover rate.
High-resolution carbon and oxygen isotopic records from many locations in the oceans and high-resolution, reliable stratigraphic data are necessary to develop models of deepwater sources, especially how many significant source areas there were, what their relative contribution to the total deepwater volume was, and where they were [e.g., Woodruff and Savin, 1989 Deep-sea benthic foraminifera are not easy subjects of study. In most deep-sea samples, with the exception of those strongly affected by dissolution, they are outnumbered by several orders of magnitude by the tests of planktonic organisms, so that it is time consuming to extract enough specimens for a statistically valid study. This is aggravated by the fact that deep-sea benthic foraminifera form highly diverse assemblages, as do other deep-sea organisms, and consist of specimenpoor, species-rich assemblages [e.g., Sanders, 1968; . Large numbers of specimens must be studied to obtain a valid representation of the total species richness, and many of the total number of species present are represented by only one or two specimens (Figure 1 ; Douglas and Woodruff [1981] ). The minimum number needed to represent the species richness depends upon the diversity and can be determined by plotting rarefaction curves (Sanders [1968] ; see also Thomas [1985] The existing data base on the geological record of deep-sea benthic foraminiferal faunas is thus commonly difficult to access for nonmicropaleontologists; there is no simple numerical parameter to be plotted representing faunal composition, and there is no globally valid biostratigraphic zonation, or environmental zonation, or depth zonation. As a result, this data base is usually not consulted by nonmicropaleontologists while reconstructing circulation patterns and deepwater physico- These results appear to be roughly in agreement, but in detail many differences in timing are seen (Figure 2 ), which can only partially be attributed to problems in stratigraphic correlation. Many of the data sets have fairly high resolution, and isotope, biostratigraphic, and magnetostratigraphic data allow reasonably reliable correlation. There is considerable agreement in the different evaluations of deep-sea benthic foraminiferal data if one realizes that some of the apparently conflicting data on the timing of zonal boundaries or assemblage ranges result from the difficulty of assigning an exact location to a boundary, when faunal change occurs gradually over one or several millions of years. [Thomas, 1990a [Thomas, , 1992 Benthic faunal change clearly occurred during this time (about 17-13 Ma) [Berggren and Miller, 1989] ) and started before the oxygen isotopic increase [Thomas, 1985 [Thomas, , 1986 Woodruff, 1985; Vincent, 1987, 1988 [Thomas, 1986b] . For a period of about 1 m.y. (19-18 Ma), benthic faunas at these sites were strongly dominated by small, thin-walled bolivinids. Recently, these episodes of bolivinid-dominated faunas have also been recognized at other sites in the northern, southern, and equatorial Atlantic [Smart, 1991] but not in the equatorial Pacific [Thomas, 1985; Woodruff, 1985] .
Presently, there is thus no clear, unequivocal correlation between faunal and oxygen or carbon isotopic events in the early to middle Miocene, but there appears to be some correlation between faunal change and changes in productivity. 
